Formation of contacts between doped carbon nanotubes and aluminum electrodes
A theoretical study of the a semiconducting carbon nanotube (CNT) bonding to an aluminum electrode is presented using density functional theory to determine the electronic structure, and charge transport across the junction is studied using non-equilibrium Green's functions. The properties of CNT-metal junctions are of interest for optimizing metal-semiconductor junctions for Schottky barrier transistors and for the formation of Ohmic contacts for nanoelectronics. We first consider the properties of an undoped (16,0) CNT bonded to an aluminum electrode, including an analysis of metal induced gap states and examination of the surface dipole. The junction is then modified by introduction of substitutional dopants into the CNT using nitrogen and boron to form n-and p-type semiconductors, respectively, and the resulting impact of the doping on current transport across the junctions is calculated. As an alternative doping strategy, tetrathiafulvalene is introduced endohedrally and found to act as an n-type dopant in agreement with previous experimental studies. From electron transmission and current voltage characteristics, it is found that the doped junctions can be engineered to have much lower onset resistances relative to the undoped junction. It is found that the current-voltage characteristics display increased resistance for larger forward and reverse biases: For one polarity, the resistance increase is associated with the introduction of the CNT band gap into the voltage bias window, whereas for the opposing voltage polarity, the resistance increase is due to large charge carrier-substitutional dopant scattering. For the case of the endohedral doping scheme, it is found that the carrier-dopant scattering is effectively absent. Many promising carbon nanotube (CNT) applications require that the CNT forms a contact with metal. [1] [2] [3] [4] [5] Formation of CNT-metal junctions may be classified as either side contacted or end contacted. In the side contact configuration, the CNT side wall is physisorbed to a metal, 6 while in the end contact configuration, an open end of the CNT directly bonds to the metal. 7 In this work, focus is placed on the end contact configuration, whereby the open end of a CNT is chemically bonded to a metal surface. The metal used in the contact can determine whether an Ohmic (linear current-voltage (IV) relationship) or Schottky (rectifying current-voltage characteristic) contact is formed. Theoretical and experimental results indicate that the metal's work function / m determines the nature of a contact 8 in the absence of interface states; 9 Ohmic contacts result when high / m metals are used conversely, a low / m is associated with Schottky contacts. 10 While consideration of / m provides some insight as a simple indicator of contact behaviour, the value of the work function alone cannot account for the more subtle aspects of contact formation, such as the atomistic interface structure and resultant charge transfer. Previously, tight binding molecular dynamics studies indicated the importance of understanding the detailed CNT-interface geometry by demonstrating that the positions on the CNT where Ni-C bonds formed dramatically impacted the CNT properties. 11, 12 The aluminum-pristine (i.e., undoped) CNT contact has previously been studied theoretically by Bai et al., 13 Okada and Oshiyama, 14 Odbadrakh et al., 15 and Gao et al. 16 The Okada study considers a side contact configuration, while Bai considers side and end contacts. The works of Odbadrakh and Gao study the end contact configuration exclusively, using structures similar to those considered in this work, however doping of the CNT is not considered in their studies. Their work highlights the importance of considering the metal induced gap states (MIGS) or regions of finite DOS in the gap of the semiconducting CNT which are induced upon contacting to a metal. If the CNT region used in calculations is too short, semi-conducting CNTs appear metallic due to the slowly decaying MIGS.
Substitutional doping by boron or nitrogen results in metallic CNTs [17] [18] [19] [20] but also introduces new effects that must be considered. The electronic properties of intrinsically metallic CNTs degrade on incorportation of substitutional dopants, 21, 22 and in addition, it is difficult to precisely control the doping levels within the CNT giving rise to dopant atom fluctuations 23 which impact on achieving reproducible electronic properties. As CNTs are hollow, it is also possible to incorporate dopants within the interior of the CNT, i.e., endohedral doping. Endohedral dopants, such as fullerenes, 24 metallocenes, 25 and organic molecules, 24, [26] [27] [28] [29] [30] relevant CNTs. Idealized nitrogen and boron doped CNTs (i.e., we assume no additional defects) are considered for pand n-type doping, respectively, along with the endohedral dopant tetrathiafulvalene (TTF) which is known to induce ntype doping in CNTs and is stable in atmosphere. 29 To the best of our knowledge, this work is the first computational study of doped CNTs bonded to metal contacts. In the following, the electronic structure of the junctions is examined using density functional calculations. The electronic transport properties of the junctions are considered using zero (linear response) and finite source-drain bias voltages; the latter is achieved by calculating the electron transmission using first principles non-equilibrium Green's function (NEGF) methods to determine IV characteristics for the junctions.
II. METHODS
Density functional theory (DFT) in conjunction with the NEGF formalism 31 as implemented in the OpenMX software package 32 is used to calculate the transport properties for the Al-CNT junctions. All calculations use the PBE 33 approximation to the generalised gradient approximation (GGA) exchange and correlation functional, along with normconserving pseudopotentials. 34 The Al-CNT interface is modelled by bonding a (16,0)-CNT (pristine; substitutionally doped with N and B; and endohedrally doped with TTF) to a (111) Al slab. In each case, the atomic positions are allowed to relax to minimize the total energy of the system, with the exception of the atomic positions of the Al back plane, which are held fixed during the optimization procedure. For the repeat units used to build the Al and CNT regions, the geometry optimization is performed until all forces are less than 5 Â 10 À4 Hartree/Bohr. The OpenMX code employs a linear combination of pseudo-atomic orbitals method, 35 ,36 the pseudo-atomic orbitals chosen in this work for the geometry optimizations are listed in Table I . An energy cut-off of 150 Ry is used for numeric integration and supercells were chosen such that there was a minimum vacuum of 1 nm in all non-periodic directions.
The NEGF method is used to study the electron transport properties of the CNT-Al junctions. In this approximation, the CNT and Al contacts are treated as semi-infinite regions described by electrode or "lead" self-energies, and the central junction region is treated as a scattering region. The basis sets used in the NEGF calculations are as given in Table I . A 128 Â 128 Â 128 grid is used for numeric integration and the cell size is again chosen to have 1 nm of vacuum in directions perpendicular to the transport direction. The calculations are considered converged when the norm of the residual density matrix was below at least 10 À4 and ideally below 10
À6
, although this stricter convergence criterion has negligible impact on the calculated electronic properties. Transmission curves are obtained as follows: First, band structure calculations are performed for the left (Al) and right (CNT) leads using the same basis sets to be employed in the subsequent NEGF calculations to generate a set of lead Hamiltonians; next NEGF calculations are performed for structures consisting of these leads and the central scattering region; finally NEGF results are used to calculate the electron transmission with the TranMain code. As well as calculating transmission at zero bias, we calculate the transmission at finite source-drain voltages across the junction. In the case of the pristine CNT, a full NEGF calculation is performed with increments of 0.1 V between À1.0 V and 1.0 V. We then use an interpolation scheme included in the TranMain code; the interpolation avoids the recalculation of the self-consistent Hamiltonian at each new voltage bias by a linear mixing as a function of the voltage of the Hamiltonian matrix elements to obtain estimates for intermediate bias values. Here, the interpolation scheme was used between zero bias and 1 V, and zero bias and À1 V to generate the same set of data points calculated from the explicit NEGF calculations. These interpolated values were used to assess the accuracy of the interpolation scheme for the subsequent studies of the Al-CNT systems, with good agreement found between the full NEGF and interpolated results (Figure S1 ). For all other Al-CNT interfaces, full NEGF calculations are performed for 0 bias, 1 V and À1 V with interpolation used to generate additional data points. For each system studied, we check the validity of the interpolation by performing full NEGF calculations at two additional data points within the interpolated range to ensure difference in calculated currents between the full NEGF calculation and the interpolated version currents at the same voltages differ by less than a few percent.
III. ELECTRONIC STRUCTURE OF THE CNT LEADS
The structures of the CNT lead unit principle layers are shown in Figure 1 . The undoped or pristine CNT lead consists of single repeat unit of the (16,0)-CNT unit cell containing 64 carbon atoms. The N-and B-doped leads consist of three repeat units of the pristine CNT lead cell with two substitutional dopants with the placement of the impurity atoms the same for p-and n-type doping. The substitutional dopant concentration is 1 at. %, a relatively low level for N-and Bdopants in CNTs whereby experimental doping levels can range up to 20 at. %. The TTF@CNT structure contains a single TTF molecule per unit cell of the (16,0)-CNT; this dopant concentration has been previously reported by Lu et al. 28 and found to be necessary for the doping of the CNT by the encapsulated TTF to be observed. The TTF@CNT TABLE I. Basis sets used for geometry optimisations and NEGF calculations. The first part of the basis set notation, i.e., preceding the angular momentum designation (s, p) is the cut-off radius of the PAO in Bohr, the second part indicates the number of orbitals used for the valence electrons. For example, S 6.0-s2p2 implies a cut-off of 6.0 Bohr and a total of eight basis functions (2 s functions and 6p functions).
Element
Geometry NEGF lead repeat unit used for transport calculations consists of three such unit cells; this was found to be necessary to avoid interaction between next nearest neighbor lead cells.
Mulliken population's analysis shows that TTF donates electronic charge to the CNT as anticipated for an endohedral dopant with a small ionization energy. The encapsulated TTF molecules are found to have a net positive charge of 0.09 jej, hence À0:09 jej charge is contributed to the CNT, in reasonable agreement with the value of 0:12 jej estimated by Lu et al. 28 and well within the error inherent in Mulliken population analysis.
The band structures of the CNT-lead regions are displayed in Figure 2 . The pristine (16,0)-CNT has a calculated band gap of $0.5 eV, which is consistent with literature DFT values for this chirality. 38 Even at the relatively low substitutional doping concentration for CNTs used in this study, the B-doped and N-doped band structures clearly show that the CNT becomes metallic following introduction of substitutional dopants with energy bands crossing the Fermi level. The bands corresponding to the pristine CNT persist but the gap is narrowed by approximately 0.1 eV and shifted to higher (lower) energies by $0.5 eV for B-(N-)dopants. These findings are consistent with previous literature reports. 21, 39, 40 The band structure of TTF@CNT is consistent with n-type doping of the CNT, the flat dopant band meets the conduction band of the CNT close to the Fermi level.
This flat dopant bands contrast with the dopant bands with larger curvature seen for the introduction of B and N dopants, and imply that the TTF molecular states are localized with little interaction between endohedral dopants. This difference is consistent with the fact that the nitrogen and boron atoms are covalently bonded into the CNT sidewall, while the endohedral dopants are physisorbed inside the CNT. The study by Lu et al. finds a relatively curved dopant band for TTF@CNT when there is a single TTF molecule per CNT unit cell and conversely finds an almost flat band when there is a single TTF molecule per two CNT unit cells. The origin of the discrepancy between the two sets of band structures in the case of TTF is currently not known.
While the introduction of B and N in the CNT lattice clearly results in doping of the CNTs as is seen in the band structures in Figure 2 , these dopant atoms also act as defects in the CNT lattice. Before considering the effect of forming a junction by contacting the CNTs to an aluminum lead, the scattering which results from the substitutional dopant atoms is assessed by considering the transmission across periodic CNT structures, with the results shown in Figure 3 . At negative energies, a considerable deviation relative to the undoped CNT stepped transmission is seen for the B-doped CNT, and similarly at positive energies, a deviation is seen for the Ndoped CNT. Therefore, significant electron scattering occurs when B and N dopants are incorporated into the CNT lattice, particularly in the valence band for B-doping and in the conduction band for N-doping. The dopant levels considered here are in at the lower end of the range of doping concentrations typically achieved in experiment; a greater reduction in the charge carrier transmission would be anticipated at higher doping levels. In the case of TTF@CNT, to a good approximation, the carrier transmission is only shifted relative to the pristine CNT (as would be expected from the band structures) without the introduction of significant scattering. The preservation of the ideal CNT lattice and resultant lack of scattering suggests that endohedral doping is an attractive alternative for doping of CNTs for electronic applications.
IV. AI-CNT INTERFACES
The junction used in the transmission calculations is shown in Figure 4 for the interface between Al and the pristine CNT. A similar structure is used for the calculations involving the doped CNT leads. For the carbon region, there are a total of seven CNT unit cells in the extended scattering region. In the electronic structure for the CNT bonded to the aluminum lead, a significant density of MIGS is found in the band gap of the CNT near the interface. The CNT unit cell bonded directly to the Al surface is labeled as "Repeat 1" in the inset of Figure 5 (a) with the subsequent cells similarly labeled. The MIGS are found to drop off exponentially in Figure 5 (a), with a low density of MIGS found after repeat cell 7 ("Repeat 7"). This result is consistent with that previously reported by Odbadrakh et al. for the interface between (8,0)-CNT and an Al electrode 15 and highlights the importance of considering sufficiently large structures in NEGF calculations for any metal-semiconducting CNT interfaces. The study of Al-CNT and Pd-CNT interfaces by Gao et al. introduces only two CNT cells between metal leads, consequently although the semi-conducting (10,0)-CNT was studied, they found no gap in transmission and therefore an Ohmic contact for an undoped CNT. Similarly for the doped CNT-metal interface, a penetration of MIGS is seen into semiconducting region, with the difference that the CNT energy gap is displaced relative to the Fermi energy as seen from the doped CNT lead band structures. 
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the B-doped CNT, N-doped CNT, and TTF@CNT, respectively.
In Figure 6 , the transmission for the interface between the junction formed from the pristine CNT and Al at zero bias and selected negative and positive source drain biases are given. The zero-bias transmission matches up with the DOS plotted in the inset of Figure 5 (a) as is expected, with no transmission for regions corresponding to energies with no DOS. The overall magnitudes of the transmission are lower for the CNT-metal junction than that of the CNT only (Figure 3 ) implying that significant electron scattering takes place at the interface. The primary affect of applying a source drain bias is to shift the obtained transmission, as shown in Figure 6 . A negative applied bias pushes the Fermi energy above the transmission gap associated with the CNT, while a positive applied bias has the opposite effect, with the bias window moving below the region of zero transmission. The current can be related to an integral of the transmission as a function of energy over a voltage bias window. At zero applied bias, there is no current. As a negative bias is applied, the transmission becomes non-zero below À0.3 V as seen in Figure 6 (a), therefore the current onset in the reverse direction is expected at this voltage. If positive voltage bias is applied, the transmission in Figure 6 (b) becomes non-zero for forward applied voltages greater than 0.3 V, thus we can anticipate that the IV characteristic is asymmetric for the junction formed between the pristine CNT and Al nanowire. Figure 7 plots the zero bias transmission for the pristine and doped CNT interfaces formed by bonding to the Al lead. The shifting and narrowing of the CNT gap seen due to doping with B and N are preserved when the CNT is contacted to metal. The magnitude of the (shifted) transmissions for the B-and N-doped contacts with Al is generally less than that of the pristine CNT/Al junction; the scattering which results from substitutional dopants has an impact and is visible in the transmission curve beyond that due to scattering at the metal-CNT interface. For example, there is a trough in transmission for the B-doped CNT interface at $À0.9 eV which corresponds to a similar trough in the transmission seen for the B-doped CNT lead (see Figure 3(a) ), a similar sharp drop in transmission which can be attributed to scattering at the dopant atom can be seen at $0.7 eV in the case of the N-doped CNT. Dopant introduced scattering sites in the CNT region clearly have an impact on the IV characteristics even upon formation of the metal-semiconductor junction. In the case of TTF, the transmission follows closely the transmission of the pristine CNT-Al interface once the relative shift in the Fermi level introduced upon doping is taken into consideration, again illustrating that the endohedral dopant does not cause significant scattering because it does not disrupt the CNT lattice to the same extent as substitutional dopants.
The current-voltage characteristics of the pristine and substitutionally doped CNT-Al interfaces are shown in Figure 8 . As previously indicated, there is no current through the pristine CNT-Al interface at low source-drain voltage biases and there is an asymmetric IV behaviour due to the Fermi level alignment being closer to the conduction band of the CNT. This is in contrast to the behavior of the junctions formed between the B-and N-doped CNTs and the Al lead. Similar IV curves are obtained for both p-and n-type substitutional dopants with a linear IV at low bias indicating an Ohmic contact is formed as suggested by the non-zero DOS at the Fermi level. The transmission gap due to the CNT band gap is encountered for the B-doped CNT/Al interface resulting in a plateau in the current as the voltage becomes increasingly negative. A similar behavior is seen for the N- flattening of the IV curve is also seen at large bias values for which the transmission gap does not enter into the bias window as can be seen in Figure 7 for both the B-and N-doped CNT/Al interfaces. For these voltage biases, the bias window spans the valence band for the p-type CNT and similarly the conduction band for the n-type CNT. The additional scattering introduced by the dopant atoms in these energy ranges increases the resistance of the junction resulting in a flattening of the current at larger voltage biases. However, the IV characteristics can be described as approximately Ohmic for lower voltage biases and the junction physics reduces the currents for larger negative and positive voltage bias. The increasing resistance at larger voltages is due to two different mechanisms: For one polarity, it arises from the transmission gap entering into the voltage bias window and for the opposing polarity it is due to increased scattering arising from the voltage bias window encompassing a doped bands. As can be seen in the Figure 8 , these two distinct mechanisms result in similar levels of current reduction for the approximate voltage ranges of 60.5 to 61.0 V.
In Figure 9 , the linear response IV curve for the Al-TTF@CNT interface obtained from the zero-bias transmission results of Figure 7 (a) is shown. At very low biases, the IV curve is linear and at negative applied bias this linearity is maintained. However, at a small positive bias of 0.1 V, the IV curve begins to flatten as the CNT transmission gap is encountered in an analogous fashion to the interface with the Ndoped CNT, though at a lower bias (see Figures 7(a) and 8) . As already discussed, endohedral TTF dopes the CNT with minimal scattering, therefore it can also be anticipated that even at higher applied negative biases, the IV will remain linear. Thus, the contact has a diode-like behaviour. At positive applied biases, the CNT gap is encountered at low bias (<200 mV) and the current saturates at $8 lA, while at negative biases, a linear current-voltage relationship is maintained.
V. CONCLUSION
The electronic structure properties of doped (16,0)-CNTs and CNT-Al contacts have been studied for substitutional p-and n-type doping, and for endohedral n-type molecular doping. It is found that substitutional doping by boron and nitrogen at concentrations of 1 at. % makes the (16,0)-CNT metallic. Following junction formation between the CNT with an Al lead, the presence of MIGS has been identified and their penetration into the semiconducting CNT has been quantified; the resulting DOS in the CNT band gap can extend beyond 2 nm from the metal-semiconductor junction. Conversely, the surface dipole formed at the metalsemiconductor junction due to charge transfer at the surface bonds is localized directly at the interface with the regions of positive and negative charges extending only over a region of approximately 0.5 nm.
A slightly asymmetric IV curve occurs for the Alcontacted undoped CNT with little current at low sourcedrain biases. For the Al-contacted B-and N-doped CNTs, similar IV characteristics are found, with an Ohmic behavior occurring at low bias. However at larger biases, the IV curve becomes non-linear because the shifted CNT gap is encountered and due to scattering off the B/N atoms in the CNT, depending on the voltage polarity. Similarly, for endohedral doping using the TTF molecule, the IV characteristic is approximately Ohmic for small voltages. In the reverse bias direction, there is in an approximately linear IV curve relative to the case of N substitutional doping, revealing that the endohedral dopants do not introduce significant scattering. Our calculations confirm that conventional doping strategies can be applied in the engineering of CNT-metal junctions, indicating that Ohmic junctions can be engineered for CNTmetal contacts. Additionally, it is found that the use of endohedral doping can achieve similar transport properties at low voltage biases without introducing significant dopant scattering into the CNT for higher voltage biases.
